Arabidopsis SGS2 and SGS3 Genes Are Required for Posttranscriptional Gene Silencing and Natural Virus Resistance  by Mourrain, Philippe et al.
Cell, Vol. 101, 533±542, May 26, 2000, Copyright ª 2000 by Cell Press
Arabidopsis SGS2 and SGS3 Genes Are
Required for Posttranscriptional Gene
Silencing and Natural Virus Resistance
in the transcribed sequence of a transgene is very effi-
cient at triggering PTGS (Hamilton et al., 1998; Water-
house et al., 1998).
The ability of dsRNA to promote PTGS in plants is
reminiscent of the recently discovered RNA interference
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Jean-Benoit Morel, David Jouette,
Anne-Marie Lacombe, Snezana Nikic,
Nathalie Picault, Karine ReÂ moueÂ ,
Mathieu Sanial, Truy-Anh Vo, and HerveÂ Vaucheret (RNAi) in Caenorhabditis elegans (Fire et al., 1998) and
other animals (Kennerdell and Carthew, 1998; LohmannLaboratoire de Biologie Cellulaire
Institut National de la Recherche Agronomique et al., 1999; Sanchez Alvarado and Newmark, 1999; Wi-
anny and Zernicka-Goetz, 2000) where injection of dou-78026 Versailles Cedex
France ble-stranded RNA (dsRNA) can initiate the silencing of
the corresponding endogenous gene. Considering the
phenomenological similarities between RNAi in animals
and PTGS in plants, these processes were proposed to
Summary be related (Fire et al., 1998). Using graft experiments
with silenced and nonsilenced plants, the analysis of
Posttranscriptional gene silencing (PTGS) in plants re- the nitrate reductase (Nia) PTGS in tobacco allowed us
sults from the degradation of mRNAs and shows phe- to define at least three components in the dynamics of
nomenological similarities with quelling in fungi and PTGS: local initiation, propagation of a systemic se-
RNAi in animals. Here, we report the isolation of sgs2 quence-specific signal, and maintenance (Palauqui et
and sgs3 Arabidopsis mutants impaired in PTGS. We al., 1996, 1997; Palauqui and Vaucheret, 1998). These
establish a mechanistic link between PTGS, quelling, three components were also found during RNAi: after
and RNAi since the Arabidopsis SGS2 protein is similar local injection of dsRNA, the silencing propagates to
to an RNA-dependent RNA polymerase like N. crassa the rest of the animal and is maintained in the next
QDE-1, controlling quelling, and C. elegans EGO-1, generations (Fire et al., 1998; Grishok et al., 2000). In
controlling RNAi. In contrast, SGS3 shows no signifi- plants, it has been shown that the maintenance step of
cant similarity with any known or putative protein, thus PTGS requires a nuclear component since the ability to
defining a specific step of PTGS in plants. Both sgs2 maintain a graft-induced, Nia silencing depends on the
and sgs3 mutants show enhanced susceptibility to transgenic locus (Palauqui and Vaucheret, 1998).
virus, definitively proving that PTGS is an antiviral de- It has been reported that the presence of sense and
fense mechanism that can also target transgene RNA antisense RNA molecules of approximately 25 nt length
for degradation. correlated with all tested cases of PTGS in plants (Hamil-
ton and Baulcombe, 1999). This finding supports current
models for PTGS in plants in which an RNA-dependent
Introduction RNA polymerase (RdRP) could produce small antisense
RNAs (Baulcombe, 1996; Waterhouse et al., 1998). Such
Posttranscriptional gene silencing (PTGS) was originally a eukaryotic RdRP activity was described almost three
discovered in plants in 1990 (Napoli et al., 1990; van der decades ago (Astier-Manifacier and Cornuet, 1971), and
Krol et al., 1990). Since then, numerous examples of a corresponding tomato gene has recently been cloned
PTGS describing the specific degradation of transgenic (Schiebel et al., 1998). However, there is as yet no direct
and homologous (when present) mRNA after transcrip- evidence of the requirement of an RdRP for PTGS in
tion have been reported in plants. Similarly to PTGS in plants. Similar small RNA molecules were subsequently
plants, transgenes can be silenced in Neurospora found associated with RNAi in Drosophila (Hammond
crassa, a phenomenon called ªquellingº (Cogoni et al., et al., 2000; Zamore et al., 2000), providing a molecular
1996). Two elements have been shown to promote link between PTGS and RNAi.
PTGS: high transcription rate of the transgene (Elmayan Genetic dissection of quelling in N. crassa and RNAi
and Vaucheret, 1996; Que et al., 1997) or arrangement in C. elegans demonstrated that similar genes controlled
of the transgenic locus in inverted repeats (van Blokland both phenomena, thus establishing a mechanistic link
et al., 1994; Stam et al., 1997). These observations led between RNAi and quelling. The QDE-1 from N. crassa
some authors to propose the hypothesis that a duplex (Cogoni and Macino, 1999a) and the EGO-1 from C.
RNA, formed either after direct transcription of sense elegans (Smardon et al., 2000) share similarity with the
and antisense RNA throughout the inverted repeats (van tomato RdRP. QDE-2 (Catalanotto et al., 2000) and
Blokland et al., 1994; Baulcombe, 1996) or by pairing RDE-1 (Tabara et al., 1999) belong to the piwi/sting/
between the highly produced sense RNAs (Metzlaff et argonaute/zwille/eIF2C gene family. Finally, QDE-3 (Co-
al. 1997), could initiate PTGS. This was supported by goni and Macino, 1999b) and MUT-7 (Ketting et al., 1999)
the observation that the presence of an inverted repeat show similarity to the human WRN protein (Werner's
syndrome). However, whereas QDE-3 was deduced to
be a RecQ DNA helicase, MUT-7 was predicted to have* To whom correspondence should be addressed (e-mail: beclin@
an RNase activity. In the absence of any cloned plantversailles.inra.fr).
² These authors contributed equally to this work. gene required for PTGS, a possible mechanistic link
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between RNAi, quelling, and PTGS remains hypo-
thetical.
Numerous observations support the hypothesis that
PTGS in plants would be a virus resistance mechanism.
Originally, this hypothesis was based on the observation
that plants transformed with a transgene homologous
to the genome of the potyvirus, TEV, were resistant to
this virus, and that the resistance was associated with
posttranscriptional silencing of the transgene (Dough-
erty and Parks, 1995). Moreover, infection with a virus
carrying a sequence homologous to a plant (trans)gene
leads to the silencing of this (trans)gene (VIGS, for virus-
induced gene silencing) (Kumagai et al., 1995; Ruiz et
al., 1998). Subsequently, it was shown that natural plant
resistance against the DNA pararetrovirus CaMV (Al-
Kaff et al., 1998), the RNA nepovirus TbRV (Ratcliff et al.,
1997), and the RNA tobravirus TRV (Ratcliff et al., 1999)
occur via an RNA degradation process that resembles
PTGS. It has also been observed that RNA and DNA Figure 1. Molecular Characterization of sgs1-1, sgs2-1, and sgs3-1
viruses are able to inhibit PTGS (Anandalakshmi et al., Mutants Compared to L1 Plants
1998; BeÂ clin et al., 1998; Brigneti et al., 1998; Kasschau (A) The GUS nascent transcript level was determined by run-on
experiments using labeled RNA extracted from leaves of adult plantsand Carrington, 1998; Voinnet et al., 1999), and this prop-
that were hybridized with dot blots containing 2 mg each of the 25Serty was interpreted as a strategy used by viruses to
rRNA-containing plasmid, empty single-stranded pBluescript KS1counteract PTGS. However, there is as yet no direct
(Stratagene), and GUS containing plasmids (GUS- sense single-
evidence that the plant genetic components required for stranded, GUS1 antisense single-stranded, and GUS double-
(trans)gene PTGS are also required for virus resistance. stranded).
Here, we report the cloning of the Arabidopsis SGS2 (B) GUS mRNA steady state level was determined by Northern blot
using 10 mg of total RNA extracted from leaves of adult plants andand SGS3 genes, controlling PTGS in plants. We show
hybridized with GUS3 or 25S probes.that SGS2 presents similarity with plant RdRPs, EGO-1,
(C) Methylation was evaluated by Southern blots of DNA extractedand QDE-1, demonstrating that PTGS, RNAi, and quell-
from adult leaves, digested with HpaII (H) or MspI (M), and hybridized
ing are mechanistically related phenomena. SGS3 does with the GUS3 probe corresponding to the 39 part of the GUS ORF.
not present significant similarity with any known protein. The average GUS activity (expressed in nmol MU/min/mg protein)
Moreover, we show that both sgs2 and sgs3 mutants in plant leaves is indicated in brackets.
exhibit enhanced susceptibility to the cucumovirus
CMV, demonstrating that PTGS affecting (trans)genes the 35S-hpt line A (Mittelsten Scheid et al., 1998) or the
in plants reflects a mechanism developed to counteract 35S-GUS line 6b5 (P. M. and H. V., unpublished data).
virus infection. In addition, we show that the efficiency Monitored on the representative sgs3-1 mutant, the
of this defense mechanism correlates with the ability of transcription rate, RNA accumulation, and GUS activity
viruses to overcome PTGS. were compared to those of sgs1-1 and sgs2-1 mutants
and L1 line, and were shown to be comparable in sgs3-1
Results and in sgs2-1 mutants (Figure 1). These results therefore
indicate that the release of PTGS in sgs3 mutants actu-
Identification of the sgs3 Locus ally results from a change at the posttranscriptional
We previously reported the isolation of Arabidopsis re- level, as is the case for sgs2 mutants (Elmayan et al.,
cessive sgs1 and sgs2 (suppressor of gene silencing) 1998).
mutants, affected in the posttranscriptional gene silenc- Methylation of the transgene coding sequence has
ing of the line L1, carrying a direct repeat of a 35S-GUS often been associated with PTGS (Baulcombe, 1996).
transgene (encoding b-glucuronidase) (Elmayan et al., The methylation state of the 35S-GUS transgene was
1998). Following the same procedure, we isolated 20 monitored in the sgs3-1 mutant and compared to sgs1-1
additional mutants impaired in PTGS of the 35S-GUS and sgs2-1 mutants and L1 line. Whereas the L1 line
transgene. Among them, 15 were sgs2 alleles, whereas exhibited methylation of HpaII/MspI sites in the 39 end
the five remaining mutants were all shown to define a of the GUS coding sequence (Figure 1C) (Elmayan et
complementation group, called sgs3. The sgs3 alleles al., 1998), the sgs3-1 mutant, as sgs2-1, showed a de-
carried a single nuclear recessive mutation, except the methylation of CNG sites and a partial demethylation of
sgs3-3 allele, which behaved as an incompletely domi- CG sites within GUS sequences (Figure 1C). As was the
nant allele in crosses with Col-0 or line L1 (data not case with the line L1 and in the sgs2-1 mutant (Elmayan
shown). et al., 1998), no methylation was found in the 35S pro-
We confirmed that the representative mutation, moter sequence in the sgs3-1 mutant (data not shown).
sgs3-1, also impaired PTGS of the Nia (trans)genes by The methylation pattern of repetitive methylated se-
crossing the sgs3-1 mutant with the transgenic line Col- quences of the genome (180 bp centromere repeat) also
0/2a3, which triggers Nia (trans)genes PTGS with 100% remained unchanged in sgs1-1, sgs2-1, and sgs3-1 mu-
efficiency (Elmayan et al., 1998) (see Experimental Pro- tants (data not shown), thus suggesting that these sgs
cedures). We established that the sgs3-1 mutation, like mutants are not affected in the general control of methyl-
ation.the sgs1-1 and sgs2-1 mutations, did not affect TGS of
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Taken together, these results indicate that at least 2C). It is worth noting that four mutations corresponding to
amino acid changes are located in this conserved blockthree SGS genes specifically control PTGS, but not TGS,
in Arabidopsis. Like all sgs1 and sgs2 mutants, the sgs3 (Figure 2C). Among the six identified Arabidopsis homolo-
gous sequences, one (accession number AJ011977) hasmutants are externally indistinguishable from the L1
plants, suggesting that the products of these three SGS been shown to be transcribed. Thus, genes encoding
SGS2 homologs in Arabidopsis exist but cannot replacegenes are dispensable for the normal growth of the
plants. SGS2 function.
Positional Cloning of SGS3 and Structural FeaturesSGS2 Is Similar to a Tomato RdRP
of the Deduced SGS3 ProteinIn order to map the SGS2 gene, we analyzed 1500 re-
We analyzed 600 recombinant chromosomes derivedcombinant chromosomes derived from crosses be-
from crosses between two sgs3 mutants (in the Col-0tween seven sgs2 mutants (in the ecotype Col-0) and
ecotype) and the polymorphic ecotype Ler. The SGS3the polymorphic ecotype Ler. The SGS2 gene was posi-
gene was positioned on BAC F20I20 (Figure 3A). Wetioned on a large region of 230 kb covered by the two
constructed a Sau3A partial digest library of BAC F20I20BACs, F2K15 and T9C5 (Figure 2A and Experimental
into the plant transformation vector pBin1. Clones ofProcedures). Computer analysis revealed that T9C5
this library were individually used to transform plantscontains a sequence of 4014 bp interrupted by one in-
of the sgs3-1/2a3 line carrying the 35S-Nia2 transgenetron of 423 bp which defines a putative ORF of 3591
derived from line Col-0/2a3. With one clone (clone 356),bp, encoding a protein showing similarity with a tomato
19 out of 20 transformants triggered Nia PTGS, indicat-protein exhibiting an RdRP activity (Schiebel et al., 1998)
ing that the mutation had been complemented. In con-(Figures 2B and 2C). Given the predicted involvement
trast, primary transformants obtained with the 48 otherof an RdRP in the PTGS process, this sequence was
clones from the library never triggered Nia PTGS. Sub-considered as a good SGS2 candidate. As we could
clones of clone 356 were introduced into the sgs3-1/not detect any transcript of this putative gene using
2a3 line and into the sgs3-1 line (carrying the 35S-GUSNorthern blot, we generated reverse transcripts by (RT)-
transgene derived from line L1). This allowed us to definePCR from total RNA of wild-type plants (see Experimen-
a 3.3 kb SspI-HincII fragment that is sufficient to restoretal Procedures). A product of the expected length was
triggering of Nia PTGS and silencing of the 35S-GUSamplified, confirming the prediction of intron-exon junc-
transgene. This 3.3 kb fragment, which therefore identi-tions. A 6.5 kb XbaI-ScaI genomic fragment containing
fies the SGS3 gene, was subsequently sequenced. Com-this putative ORF was introduced into sgs2 mutant
puter analysis revealed a sequence of 2254 bp inter-plants by Agrobacterium-mediated transformation. Trans-
rupted by four introns, which defines a putative ORF offormation was done using the sgs2-1 line (carrying the
1878 bp (Figure 3A).35S-GUS transgene) and with the sgs2-1/2a3 line (car-
In order to clone the corresponding, putative, full-rying the 35S-Nia2 transgene derived from line Col-0/
length cDNA, we generated reverse transcripts by RT-2a3). With the sgs2-1/2a3 line, 94/96 transformants trig-
PCR from total RNA of wild-type plants (see Experimen-gered Nia PTGS, and with the sgs2-1 line, 14/15 trans-
tal Procedures). We amplified and cloned a product offormants showed silencing of the 35S-GUS transgene.
the expected length of 1.8 kb, which sequence wasIn contrast, the same construct deleted from the XbaI-
shown to be identical to the deduced ORF from genomicSpeI fragment containing the promoter and the 59 end
sequence. As with SGS2, we failed to detect expressionof the candidate ORF (Figure 2A), failed to trigger Nia
of this gene by Northern blot. No similarity to any otherPTGS in the 48 transformants obtained with the sgs2-
protein was detected with the amino acid sequence of1/2a3 line. These results show that the XbaI-ScaI frag-
SGS3 after advanced BLAST searching of databases.ment, which only contains the putative RdRP, is neces-
However, the C-terminal part showed weak similarity tosary and sufficient to restore PTGS in a sgs2-1 mutant.
a set of proteins of different function, including myosin-One mutation in the SGS2 gene was identified in each
related proteins, which all are assumed to form coiled-of the eleven sgs2 mutants analyzed. They correspond
coil structures. The presence of this structure was con-to seven amino acid changes, three stop codons, and
firmed by applying a coil search program (Lupas, 1996)one frameshift (Figure 2B).
(Figure 3B).When submitted to protein/gene databases, in addi-
One mutation in the SGS3 gene was found in each oftion to its similarity with tomato RdRP (36% identity),
the five sgs3 mutants analyzed. Four mutations corre-SGS2 was shown to belong to a large family of proteins
spond to stop codons and one corresponds to a changefrom different organisms including plants, fungi, and
of one amino acid (Figure 3B). Interestingly, this lastanimals (Figure 2C). The similarity between SGS2 and
mutation was found in the 39 part of the sgs3-3 mutant,the tomato RdRP is found throughout the coding se-
where the mutation is incompletely dominant. This resultquence, including a putative RNA binding domain found
suggests that the predicted coiled-coil structure in thein the N terminus of the predicted proteins (using the
SGS3 protein is functionally important.Pfam5.0 program, data not shown). SGS2 was also
found to be similar to QDE-1 (24% identity) from N.
crassa (Cogoni and Macino, 1999a) and EGO-1 (26% The sgs2 and sgs3 Mutants Show Enhanced
Susceptibility to CMV but Not to TuMVidentity) from C. elegans (Smardon et al., 2000), in which
no putative RNA binding domain could be found. Align- or TVCV Infection
It was shown that natural plant resistance against vi-ment of all the members of the RdRP family showed the
highest conservation in a block corresponding to the ruses may be mediated by a PTGS-like mechanism (Rat-
cliff et al., 1997, 1999; Al-Kaff et al., 1998) To furtherSGS2 region ranging from amino acid 812 to 878 (Figure
Figure 2. Cloning of SGS2
(A) Physical map of the chromosomal area carrying the SGS2 gene. The SGS2 gene was roughly mapped between the CAPS markers NIT1
and AFC1 on chromosome 3. The SGS2 gene was subsequently mapped between a CAPS marker we derived from the T7 end of BAC clone
F2K15 (Mozo et al., 1999) and an RFLP marker we derived from the SP6 end of the BAC clone T9C5 (Choi et al., 1995). None of the 1500
tested recombinant chromosomes showed a recombination break between the sgs2 mutations and the CAPS markers we derived from the
T7 end of BAC clone F10M22 and from the T7 end of BAC clone F22I9.
(B) Predicted amino acid sequence of SGS2 protein. The underlined region corresponds to the most conserved region between all RdRP
homologs. Amino acids affected in the 11 sequenced sgs2 mutants are in bold and the replacing amino acid is indicated (asterisk [*] and
apostrophe ['] indicate the creation of stop codon and frameshift, respectively). GenBank number: AF239718.
(C) Alignment of the highly conserved region between the RdRP homologs (with accession number): N. tabacum (AJ011576), P. hybrida
(AJ011979), L. esculentum (Y10403), A. thaliana (1) (AC006917.6), A. thaliana (2) (AF080120), A. thaliana (3) (AJ011977), A. thaliana (4, 5, and
6) (ACC005169), S. pombe (Z98533), N. crassa QDE-1 (AJ133528), D. discoideum (AF117611), C. elegans RRF-1 (AF159144), C. elegans EGO-1
(AF159144), and C. elegans RRF-3 (Z48334).
Plus (1) indicates the four missense sgs2 mutations identified in this region.
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Figure 3. Cloning of SGS3
(A) Physical map of the chromosomal area carrying the SGS3 gene. The SGS3 gene was roughly mapped between the microsatellite markers
nga106 and nga139 on chromosome 5. The SGS3 gene was subsequently mapped between two RFLP markers we derived from the left end
of the YUP clone 13H2 and from the right end of the YUP clone 3B3, respectively. By screening a BAC library, we identified a BAC clone
(F20I20) hybridizing with these two markers.
(B) Predicted amino acid sequence of SGS3 protein. Amino acids affected in the five sequenced sgs3 mutants are in bold and the replacing
amino acid is indicated (* indicates a stop codon). The regions predicted to form a coiled-coil structure are underlined. GenBank number:
AF239719.
study the relationships between PTGS and virus resis- the sgs mutations and thus that PTGS normally restricts
CMV infection.tance, we infected L1 plants and sgs2-1 and sgs3-1
mutants with a cucumovirus (CMV), a potyvirus (TuMV), In contrast, the L1, sgs2-1, and sgs3-1 plants devel-
oped identical symptoms after infection with TVCV orand a tobamovirus (TVCV) infecting Brassicaceae spe-
cies. Disease symptoms were much more pronounced TuMV (data not shown). Accordingly, we did not observe
any difference in viral RNA accumulation between L1in CMV infected sgs2-1 and sgs3-1 mutant plants than
in CMV infected L1 (Figure 4A). Although initially, CMV plants and sgs2-1 and sgs3-1 plants infected with TuMV
or TVCV (Figure 5).infection symptoms were similar in the three lines, strik-
ing differences appeared as soon as flowering was in-
duced: sgs2-1 and sgs3-1 infected plants had very small Differential Inhibition of PTGS by Viruses
Numerous viruses are able to inhibit PTGS of nonhomol-and unbranched stems, were completely sterile, and
sometimes prematurely died. L1 infected plants devel- ogous transgenes (Voinnet et al., 1999 and references
therein). The CMV, TVCV, and TuMV viruses belong tooped branched stems with elongated internodes and
were still able to form seeds. We confirmed that the families in which at least one virus has been shown
to inhibit PTGS in Nicotianae (Voinnet et al., 1999). Indifference in symptom severity caused by CMV infection
was due to an average 5-fold overaccumulation of viral Arabidopsis, we previously showed that CMV can inhibit
PTGS of the 35S-GUS transgene in the L1 line (BeÂ clinRNA in sgs mutant plants (Figure 4B). The enhanced
susceptibility of PTGS mutants to CMV infection was et al., 1998). This result is not in accordance with the
observation that PTGS can still limit CMV infection (Fig-confirmed with four other sgs2 and three other sgs3
mutants (data not shown), and with sgs2-1 and sgs3-1 ure 5) and suggested that, in Arabidopsis, CMV, TVCV,
and TuMV are not equally efficient at counteractingmutants from which the 35S-GUS transgene had been
removed by crossing (Figure 4B). We also showed that, PTGS.
In order to monitor the level of PTGS inhibition, GUSwhen introduced in the respective sgs2 and sgs3 mu-
tants, SGS2 and SGS3 genes restored CMV tolerance activity was measured in plants infected by CMV, TVCV,
or TuMV. We observed that following infection with(data not shown). Altogether, these results show that
the enhanced susceptibility to CMV is actually due to these viruses, GUS activity was significantly increased
Cell
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Figure 5. Susceptibility to TuMV or TVCV Is Unaffected in the sgs
Mutants
Northern blot analysis on total RNA of L1, sgs2-1, or sgs3-1 plants
inoculated with TuMV (A) or TVCV (B). RNA was extracted from a
pool of three plants 3 weeks after inoculation.
al., 1984; Schiebel et al., 1993a), RT-PCR was per-
formed on RNA extracted from mock-, CMV-, and TVCV-
infected L1 and Col-0 plants. In all cases, we were able to
detect transcription of SGS2 and SGS3 (data not shown).
This result indicates that PTGS inhibition by viruses is
Figure 4. The sgs Mutants Show Enhanced Susceptibility to CMV not mediated by inhibition of the SGS2 or SGS3 tran-
(A) Phenotypes of L1, sgs2-1, and sgs3-1 plants (with the 35S- scription. This result also shows that switching on the
GUS transgene) 35 days after CMV inoculation compared to the transcription of SGS2 can not explain the enhancement
phenotype of a mock-inoculated L1 plant. of RdRP activity upon virus infection. However, quantita-
(B) Northern blot analysis of CMV or 25S ribosomal RNA level in tive RT-PCR will be necessary to determine if such an
wild-type (Col-0 or L1 line), sgs2-1, or sgs3-1 background. For each
enhancement of RdRP activity could be mediated by anbackground, CMV RNA level was determined in plants without (2)
increase of SGS2 transcription.or with (1) the 35S-GUS transgene. Total RNA was extracted from
a pool of five CMV-infected flowering plants 35 days after inocula-
tion. This experiment was repeated five times and one representa- Discussiontive experiment is shown. The slight difference with RNA3 CMV
between wt(2) and wt(1) was not reproducible.
PTGS Is Mechanistically Related
to Quelling and RNAi
Despite strong phenomenological similarities betweenin the L1 plants, whereas it remained unchanged in
sgs2-1 and sgs3-1 plants (Figure 6). However, while GUS PTGS, RNAi, and quelling, no molecular link was estab-
lished. Here, we report the cloning of two Arabidopsisactivity in TVCV- and TuMV-infected L1 plants reached
the same level as in sgs2 and sgs3 mutant plants, GUS genes, SGS2 and SGS3, that generally control PTGS.
The protein encoded by SGS2 shows similarity to pro-activity was lower in the CMV-infected L1 plants (Figure
6). This result suggests that PTGS is only partially inhib- teins from different organisms and especially to a to-
mato protein shown to exhibit RNA-dependent RNAited by CMV infection, whereas it is totally prevented
by TuMV or TVCV infection. Furthermore, the fact that polymerase (RdRP) activity (Schiebel et al., 1998) (Figure
2C). SGS2 was also found to be similar to EGO-1 andneither CMV, TVCV, nor TuMV increased the GUS activity
in the sgs2 and sgs3 mutants suggests that these mu- QDE-1 (Figure 2C), which were shown to be involved in
RNAi in C. elegans (Smardon et al., 2000) and quellingtants already completely suppress PTGS.
Because the viral inhibition of PTGS could be medi- in N. crassa (Cogoni and Macino, 1999a), respectively.
Protein comparison showed the existence of a con-ated by the inhibition of the transcription of either the
SGS2 or SGS3 genes, and because it has been reported served block between all RdRPs (Figure 2C). This block
seems to be crucial for RdRP function in PTGS and RNAithat RdRP activity is increased upon virus infection
(Astier-Manifacier and Cornuet, 1971; van der Meer et since most missense mutations in SGS2 (Figure 2C) and
PTGS and Virus Resistance Control in Arabidopsis
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Figure 6. TuMV, TVCV, and CMV Viruses Dif-
ferentially Inhibit PTGS
GUS activity in L1, sgs2-1, or sgs3-1 plants,
mock-inoculated or infected with CMV,
TuMV, or TVCV. GUS activity was assessed
on rosette leaves 3 weeks after inoculation.
Three plants were tested for each genotype.
The mean and standard deviation are shown.
This experiment was repeated three times
and one representative experiment is shown.
EGO-1 (Smardon et al., 2000) were found in this block. involved in steps of PTGS not shared with RNAi in C.
elegans and Drosophila. Similarities between RNAi andThis finding establishes that PTGS, RNAi, and quelling
are mechanistically related phenomena. PTGS include degradation of mRNAs, initiation of the
silencing process by an RNA duplex, propagation of aThe hypothetical involvement of an RdRP in PTGS in
plants was recently supported by the observation that silencing signal, and existence of a maintenance step.
So far, we have shown here that SGS3 is required forsmall sense and antisense RNA, probably resulting from
an RdRP activity, were found associated with PTGS PTGS of transgenes of lines L1 and Col-0/2a3, which
presumably cannot directly produce dsRNA since they(Hamilton and Baulcombe, 1999). The cloning of SGS2
further supports the involvement of an RdRP in the con- are not arranged in inverted repeats (T. E., unpublished
data), as well as for the reduction of CMV RNA level.trol of PTGS. Like EGO-1 in C. elegans, SGS2 belongs
to a multigene family (Figure 2C), suggesting that, if Since RNAi is triggered by dsRNA, either directly in-
jected or produced by an inverted repeat transgeneArabidopsis SGS2 related sequences encode RdRPs,
they have different specificities of expression or sub- (Tavernarakis et al., 2000), SGS3 may be involved in the
initial formation of a RNA duplex from RNAs producedstrates. For instance, SGS2 may be the only RdRP in
Arabidopsis able to recognize the substrate specific to by transgenes or by the CMV genome. This duplex RNA
would be then able to trigger the following steps ofPTGS, which is generally proposed to be a dsRNA (Wa-
terhouse et al., 1998). Indeed, whereas purified fractions PTGS in a similar manner than RNAi.
SGS3 could also be involved in the steps followingof tomato RdRP can use single-stranded RNA as a sub-
strate (Schiebel et al., 1993b), it was also shown that PTGS initiation. By grafting a nonsilenced transgenic
scion on a silenced stock, it has been shown that silenc-less purified RdRP fractions can use double-stranded
RNAs (Astier-Manifacier and Cornuet, 1971). ing propagates in a sequence-specific manner from the
stock to the scion (Palauqui et al., 1997). This propaga-
tion of PTGS suggests the existence of a systemic sig-SGS3 Defines a Function Controlling PTGS
nal. The nature of this signal is still unknown but consid-but Not RNAi in C. elegans or Drosophila
ering its sequence specificity, it is generally thought toThe sgs3 mutants have the same molecular and pheno-
be an RNA form. SGS3 could be involved in the transporttypic characteristics as sgs2 mutants. Specifically, the
of the silencing signal. In this case, the fundamentalcoding sequence of the GUS transgene is poorly methyl-
structural differences between plant and animal cellsated in the sgs3 mutants, as it is in the sgs2 mutants,
and tissues would explain the absence of the SGS3 genecompared to the L1 line. This suggests that methylation
in C. elegans and Drosophila. Considering that CMVis reduced when PTGS is inhibited, confirming that
replicates in the cytoplasm and that SGS3 is involvedmethylation and PTGS are tightly correlated. It has been
in CMV resistance, it is unlikely that SGS3 is involvedproposed that methylation of the transcribed sequence
in the maintenance step predicted to occur at the nu-of the transgene would be the mediator of the mainte-
clear level (Palauqui and Vaucheret, 1998).nance step of PTGS (Jones et al., 1999). The absence
of methylation in C. elegans suggests that maintenance
of silencing is mediated by another mechanism. The PTGS Is a Mechanism of Virus Resistance in Plants
The question of the biological role of PTGS in plants hasquestion of the involvement of methylation in RNAi now
needs to be addressed in other systems like zebrafish been addressed since the discovery of cosuppression in
1990 (Napoli et al., 1990; van der Krol et al., 1990). Sev-or mouse.
No similarity between SGS3 and any other protein eral reports suggested that PTGS is a general resistance
mechanism against viruses (Dougherty and Parks, 1995;could be found, including those in C. elegans and Dro-
sophila whose genomes are completely sequenced. Ratcliff et al., 1997; Al-Kaff et al., 1998; Ratcliff et al.,
1999). Here, we show that impairing posttranscriptionalThis suggests that the function encoded by SGS3 is not
required for RNAi in these organisms, and could be silencing of transgene, by mutating SGS2 or SGS3
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genes, also impairs the ability of the plant to restrict compensate for the absence of methylation. It has also
CMV infection (Figure 4). This result definitively proves been hypothesized that PTGS could be a system of gene
that PTGS is a virus resistance mechanism. expression regulation. This is unlikely because we do
Viruses have developed various strategies to over- not observe any developmental abnormalities or physio-
come plant antiviral defenses. Some RNA and DNA vi- logical defects in any of the sgs1, sgs2, or sgs3 mutants.
ruses are able to inhibit PTGS of nonhomologous To conclude, the discovery that SGS2 encodes a pro-
transgenes in Nicotianae (Anandalakshmi et al., 1998; tein similar to a tomato RdRP, like EGO-1 and QDE-1,
Brigneti et al., 1998; Kasschau and Carrington, 1998; establishes a mechanistic link between PTGS, RNAi,
Voinnet et al., 1999) or Arabidopsis (BeÂ clin et al., 1998). and quelling. The discovery of SGS3 defines a function
Inhibition of PTGS by viruses, as measured by the in- required for PTGS and virus infection but apparently
crease of GUS activity in L1 plants, is lower after CMV not for RNAi in C. elegans or Drosophila. Finally, the
infection than after TuMV or TVCV infection (Figure 6). discovery that sgs mutants show enhanced susceptibil-
Since PTGS inhibition by CMV is partial, the virus only ity to virus infection definitively proves that PTGS is a
moderately replicates in wild-type plants. The balance plant antiviral defense mechanism. Investigations on the
between CMV RNA degradation mediated by PTGS and role of RNAi in virus resistance as well as on the role of
the PTGS inhibition by CMV leads to CMV multiplication methylation in organisms like mammals would establish
without totally preventing the growth and the develop- to what extent RNAi and PTGS are related.
ment of the infected plant. Such a nondestructive inva-
sion strategy may allow maximum spreading of the virus Experimental Procedures
in plant populations. In contrast, TuMV and TVCV multi-
plication is similar in wild-type and in sgs mutants (Figure Mutagenesis, Genetic Analysis, Plant Culture,
and Mutant Characterization5). Thus, PTGS is unable to limit infection by these vi-
Mutagenesis, genetic analysis, plant culture, and GUS activity (inruses, probably because they totally inhibit PTGS, as
nmol of 4-methylumbelliferone [MU] per min per mg of total protein)suggested by the observation that GUS activity is as
were performed as described before (Elmayan et al., 1998). RNAhigh in TuMV- and TVCV-infected L1 plants as it is in and DNA extraction, Northern and Southern analysis, methylation
the mutants sgs2 and sgs3 (Figure 6) and in the double analysis of the genome, and run-on experiments were performed
mutant sgs2/sgs3 (data not shown). This result also sug- according to Elmayan et al. (1998).
The progeny of 1500 EMS-mutagenized L1 seeds were screenedgests that the maximum level of GUS activity has been
for PTGS-deficient mutants. Twenty-five independent plants withreached in the mutant backgrounds and in the TuMV-
GUS activity between 4000 and 6000 nmol MU/min/mg protein wereand TVCV-infected L1 plants.
identified (GUS activity in line L1 is approximately 10 nmol MU/min/
mg protein). These 25 plants were allowed to self-fertilize, and GUS
PTGS and RNAi: Related Mechanisms activity was monitored in their progeny. Five progeny showed a
for Similar Functions? delay in the triggering of PTGS during development, while the 20
Although PTGS, quelling, and RNAi were artificially dis- other progeny showed high GUS activity throughout the plants'
lives.covered (either after introduction of transgenes or injec-
The representative sgs3-1 allele was crossed to line Col-0/2a3,tion of dsRNA), we show that they are mechanistically
showing PTGS of Nia host genes and the 35S-Nia2 transgene withrelated. Thus, these phenomena are likely to represent
100% efficiency when plants are homozygous for this transgene
a highly conserved process that appeared in a common (Elmayan et al., 1998). One quarter of the F2 plants homozygous for
ancestor of plants, fungi, and animals. the 35S-Nia2 transgene and lacking the 35S-GUS transgene did not
Altogether, the demonstration of a link between PTGS show any Nia PTGS. Moreover, transformation of Col-0, sgs1-1,
and RNAi and of a role of PTGS in plant virus resistance sgs2-1, and sgs3-1 plants with the 35S-Nia2 transgene led to a
majority of cosuppressed transformants with Col-0 (254 among 260),raises the question as to whether RNAi is involved in
while no cosuppressed transformants were obtained with sgs1-1,virus resistance in animals. For example, RNAi could be
sgs2-1, and sgs3-1 (among 103, 99, and 150 transformants, respec-a component of the interferon pathway in mammals or
tively).
an additional virus resistance mechanism when the in-
terferon response is not effective. In this case, the ability
Cloning of the SGS2 and SGS3 Genesof animal viruses to inhibit the dsRNA-activated protein The genotype at the sgs loci of the recombinant F2 lines was deter-
kinase (PKR) involved in the antiviral response (Proud, mined on kanamycin-resistant plants by searching for GUS activity
1995) would be reminiscent of the PTGS inhibition medi- in each F2 plant and in 20 plants of each F3 progeny. For the
ated by plant viruses. mapping of the sgs2 and sgs3 mutations, only recombinant F2 lines
homozygous for the sgs mutation (kanamycin-resistant and ex-In C. elegans, it has been suggested that transposon
pressing high GUS activity) were used. YUP ends were cloned byinactivation may be one biological role of RNAi. This
vectorette (Matallana et al., 1992). BAC ends were amplified bywas based on the discovery that some components
PCR. Subclones of the BAC clones containing the SGS genes were
of RNAi are required to control transposable elements performed using standard procedures in the binary vector's pBin1
(Ketting et al., 1999; Tabara et al., 1999). Whether PTGS (van Engelen et al., 1995) conferring kanamycin resistance to the
could play a similar function in plants is still an open transformed plant and pBIB-HYG (Becker, 1990) or pCAMBIA1200
question. Preliminary experiments indicate that the sgs (CAMBIA, Canberra, Australia), conferring hygromycin resistance to
the transformed plants. The resulting clones were transferred intomutations do not significantly enhance transposition
the Agrobacterium tumefaciens strain C58C1 (pMP90) by triparentalof the Arabidopsis transposon Tag1 (F. F. and H. V., un-
mating. Clones derived from pBin1 were used to transform hygro-published data). Moreover, some reports suggest that
mycin-resistant sgs2-1/2a3 and sgs3-1/2a3 plants and those de-
transposon silencing in plants may be mediated at the rived from pBIB-HYG or pCAMBIA1200 were used to transform
transcriptional level by DNA methylation (Martienssen, kanamycin-resistant sgs2-1 and sgs3-1 plants. Plant transformation
1998; Hirochika et al., 2000). In C. elegans, where methyl- was performed by dipping young inflorescences in an Agrobacte-
rium suspension containing 10 mM MgCl2, 5% Sucrose, and 0.005%ation does not exist, RNAi could have developed to
PTGS and Virus Resistance Control in Arabidopsis
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Silwet L-77 (OSI Specialties France S. A.) for 1 min. Plants were Baulcombe, D.C. (1996). RNA as a target and an initiator of post-
transcriptional gene silencing in transgenic plants. Plant Mol. Biol.then cultivated for 3 days under a transparent dome to maintain high
humidity before transferring them to the greenhouse. Transformant 32, 79±88.
selection was performed by sowing seeds on an in vitro medium Becker, D. (1990). Binary vectors which allow the exchange of plant
containing 50 mg/l kanamycin or 20 mg/l hygromycin. selectable markers and reporter genes. Nucleic Acids Res. 18, 203.
BeÂ clin, C., Berthome, R., Palauqui, J.C., Tepfer, M., and Vau-
RT-PCR and cDNA Amplification cheret, H. (1998). Infection of tobacco or Arabidopsis plants by
RT-PCR reactions were performed on total RNA extracted from CMV counteracts systemic post-transcriptional silencing of nonviral
leaves. To amplify cDNA of SGS3, reverse transcription was per- (trans)genes. Virology 252, 313±317.
formed using the Superscript enzyme (Gibco BRL) and oligo(dT) Brigneti, G., Voinnet, O., Li, W.-X., Ji, L.-H., Ding, S.-W., and Baul-
to prime the reaction. Nested-PCR was performed on the reverse combe, D.C. (1998). Viral pathogenicity determinants are suppres-
transcriptase products using two sets of primers: 356AB (acaagg sors of transgene silencing in Nicotiana benthamiana. EMBO J. 17,
atccttagtcttgtcttgtcttgtgtaccag)-356AC (gtgaccccgggtttctttggt 6739±6746.
ggctatagg) and 356Y (gtgtagtcgacttttgtctcaatcatcttcattgtgaaggcc)-
Catalanotto, C., Azzalin, G., Macino, G., and Cogoni, C. (2000). Gene356AD (tataggatccaaaaatgagttctagggctggtcc). The amplified frag-
silencing in worms and fungi. Nature 404, 245.ment was cloned into the SalI and BamHI sites of the PET29a vector
Choi, S.D., Creelman, R.A., Mullet, J.E., and Wing, R.A. (1995). Con-(Novagen).
struction and characterisation of bacterial artificial chromosomeTo detect expression of SGS2 and SGS3, reverse transcriptions
library of Arabidopsis thaliana. Plant Mol. Biol. Report. 13, 124±128.were performed using the M-MLV reverse trancriptase (Gibco BRL).
Specific primers were used to prime the reverse transcriptase reac- Cogoni, C., and Macino, G. (1999a). Gene silencing in Neurospora
tion: 29IIR3 (caaacatttgtgaccccatgcc) for SGS2 and 356V (catctt crassa requires a protein homologous to RNA-dependent RNA poly-
cattgtgaaggccatgc) for SGS3. PCR reactions on the reverse tran- merase. Nature 399, 166±169.
scriptase products were performed using the sets of primers 29IIF7 Cogoni, C., and Macino, G. (1999b). Posttranscriptional gene silenc-
(gcagggatacttgaacatggcc)-29IIR4 (gggtctgtgctttcttctgagg) for SGS2 ing in Neurospora by a RecQ DNA helicase. Science 286, 2342±2344.
and 356T (ctctttcggcaatcgtcattgc)-356Q (gcaaaacaaggctgaaattcg) for
Cogoni, C., Irelan, J.T., Schumacher, M., Schmidhauser, T., Selker,
SGS3. Both sets of primers surround an intron, which allowed us
E.U., and Macino, G. (1996). Transgene silencing of the al-1 gene
to specifically amplify cDNA templates.
in vegetative cells of Neurospora is mediated by a cytoplasmic
effector and does not depend on DNA-DNA interactions or DNA
Virus Infection methylation. EMBO J. 15, 3153±3163.
The CMV strain, I17F (provided by Mark Tepfer, INRA Versailles),
Dougherty, W.G., and Parks, T.D. (1995). Transgenes and gene sup-
was mechanically inoculated on 15-day old plantlets with a 50 mg/
pression: telling us something new? Curr. Opin. Cell Biol. 7, 399±405.
ml solution of purified viral RNA in 50 mM K2HPO4. TuMV strain PV-
Elmayan, T., and Vaucheret, H. (1996). Expression of single copies0104 (DSMZ, Braunschweig, Germany) and TVCV strain PV-0361
of a strongly expressed 35S transgene can be silenced post-tran-(DSMZ, Braunschweig, Germany) (provided by Sylvie Dinant, INRA
scriptionally. Plant J. 9, 787±797.Versailles) were mechanically inoculated on 15-day old plantlets
Elmayan, T., Balzergue, S., BeÂ on, F., Bourdon, V., Daubremet, J.,with a 103 (v/v) dilution in 50 mM K2HPO4 of a sap of infected
GueÂ net, Y., Mourrain, P., Palauqui, J.-C., Vernhettes, S., Vialle, T.,Arabidopsis plants.
et al. (1998). Arabidopsis mutants impaired in cosuppression. PlantEvaluation of the virus content was performed by Northern blotting
Cell 10, 1447±1457.of total RNA extracted from leaves of infected plants. Probes used
to detect CMV, TVCV, and TuMV RNA were a 500 bp XbaI-BamHI Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and
fragment derived from the CMV-R RNA3 cDNA, a 560 bp PCR frag- Mello, C.C. (1998). Potent and specific genetic inteference by dou-
ment amplified from the TuMV cDNA using the set of primers TuMV1 ble-stranded RNA in Caenorhabditis elegans. Nature 391, 806±811.
(ggaacttttagtgtacctaggc)-TuMV2 (cgcagagctgctgctttcatctgg), and the Grishok, A., Tabara, H., and Mello, C.C. (2000). Genetic requirements
complete ORF of the protein capsid of the TVCV cDNA, respectively. for inheritance of RNAi in C. elegans. Science 287, 2494±2497.
Virus RNA accumulation was measured using a Phosphoimager to
Hamilton, A., and Baulcombe, D. (1999). A species of small antisensequantitate hybridization signals.
RNA in posttranscriptional gene silencing in plants. Science 286,
950±952.
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